The search for lead compounds from traditional Chinese medicines (TCMs) may be promising for new drug development. Screening efficiency and efficacy is chiefly determined by the validity of the selected screening tools. Recently, many experimental screening tools have been developed to identify lead compounds. This review provides a toolbox of the experimental screening methods and models that have been applied to discover new lead compounds and drugs from TCMs. The merits and limitations of these tools are summarized, assisting readers in the rapid retrieval of useful information and providing reference values for selecting appropriate screening tools for different research.
Introduction
Traditional Chinese Medicines (TCMs) count among the world's most ancient herbal medicines and have been used extensively by TCM practitioners for thousands of years. 1 TCM has played an indispensable role in the prevention and treatment of human disease, 1-3 especially in complicated and chronic diseases such as rheumatism and arthritis. As a complementary therapeutic technique with fewer side effects than western medicines, TCM is attracting increasing attention. The chemical synthesis of new drugs has rapidly developed in recent years with the advancement of combinatorial chemistry and computer-aided drug design technology. However, the exploration of drugs and lead compounds from TCMs remains a signicant avenue for drug development, [4] [5] [6] because of the novel structures, therapeutic abilities, and certain unique pharmacological effects of the chemical substances in TCMs. The screening of bioactive constituents from TCMs is of great signicance in innovative drug discovery with medicinal herbs as lead compounds.
The clarication of the active constituents of TCMs is a precondition to understanding their action mechanism, and provides the foundation and core of TCM quality control. It also guards the safety, effectiveness, stability, and controllability of TCMs. However, multiple substances in TCMs and their likely complex mechanisms of action complicate screening and analysis for bioactive constituents, even from well-documented formulations for specic diseases. This acutely restrains the development and modernization of TCM. Thus, the development of screening methods and models that efficiently search for bioactive constituents within the complex matrices of TCMs is important for elucidating the pharmacodynamic essence (including effective substances and action mechanisms) of TCMs and in the development of new drugs from them.
A variety of screening methods and models ( Fig. 1) have been developed and used to screen for the bioactive constituents of TCMs. [6] [7] [8] These include animal, tissue/organ, cell, and receptor/ enzyme models; serum pharmacology; biochromatography; gene chip technology; molecularly imprinted polymers and spectrum-effect relationships. Although widely applied, these screening tools may cause confusion, with difficulty in selecting suitable ones, due to their considerable diversity. In this review, these screening tools are identied, and their merits and limitations are summarized simply yet comprehensively. This may assist readers in the rapid retrieval of useful information for the selection and application of suitable screening tools for different research objectives.
In vivo screening methods and models

Animal models
The extraction of a single compound or single distilled fraction from natural products and the evaluation of its bioactivity in classic pathological animal models is a routinely used screening process. Rat, mouse, rabbit, beagle dog, monkey, and zebra sh are commonly used model animals. The animal model is the most classic pharmacological screening model, and is important in medicine evaluation as it can mimic the physiopathological and clinical features of patients, demonstrating the efficacy, side effects, and toxicity of medicines. Although the use of animal models is laborious and time-consuming, and their screening throughput is low, it remains the primary indispensable method of drug discovery and evaluation. 6, 8 
Serum pharmacology and serum medicinal chemistry
Although TCMs contain numerous complex chemical substances, detection of distinct compounds in TCMs aer they enter the bloodstream are extremely limited. 8 TCM ingredients that enter the bloodstream comprise the "crude extract" of serum, which includes constituents present in TCMs and formed in the process of decoction, as well as metabolites and endogenous bioactive substances in the body generated by stimulation from TCMs. 9 The effectiveness of serum containing crude extract is evaluated using serum pharmacology, whereas serum medicinal chemistry is the process of isolating and identifying the active compounds in serum. The analytical process begins with the intragastric administration of TCM extracts. The serum is then separated and its bioactivity evaluated by pharmacological means, in vitro and in vivo. Finally, the bioactive constituents in the serum are separated and identi-ed. 8 As such, the chemical substances of TCMs that exert certain pharmacologic actions may be revealed. Substance effectiveness of many types of TCMs has been researched using this method, with valuable results obtained. [8] [9] [10] [11] This method has the following advantages: (1) interference from the physical and chemical properties of crude TCM preparations is excluded, such as pH, osmotic pressure, and the presence of electrolytes or tannins; (2) TCM ingredients in the gastrointestinal tract that cannot enter the bloodstream are excluded, which simplies exploration; (3) serum from the administered animal will contain the authentic effective TCM substances; (4) the inuence of many factors that affect in vitro experiments is avoided, potentially reecting the effectiveness of TCMs more accurately and authentically.
However, there are also some deciencies in this method: (1) the separation of bioactive constituents from complex biological samples (serum) is more difficult than direct separation from crude TCM extracts; (2) the inference of information about the structure of bioactive compounds in TCMs from their metabolites is difficult; (3) some compounds detected in the serum may be inactive ingredients in TCMs; (4) the efficacy of puried compounds that appear in serum is only evident when the blood concentration of the compound exceeds the original concentration; (5) operational protocols require standardization for dose schedule, time and method of blood collection, serum pretreatment, differences in drug absorption from individual animals, and differences in the composition of serum and the concentration of compounds from dosage and sampling time. Therefore, although the application of this method has excellent prospects, problems remain that need to be addressed further.
In vitro screening methods and models
Tissue/organ models
With the development of modern medicine and pharmacology, a growing number of animal tissue/organ models have been established for evaluating the activity of drugs, such as the isolated vascular ring, heart/liver perfusion and tissue culture models. By investigating the effects of a drug on specic tissues or organs, possible pharmacological activity and mechanism of action may be explored. This model has more recently become an important means for activity screening. It overcomes some of the deciencies of the animal model in the following ways: 8 (1) the amount of screening sample required is less. Generally, a sample of between 1-5 g or more is required for use in an animal model (depending on the dosage and the size of the animal used), while the sample amount required in a tissue/ organ model is as low as or less than one-tenth of that used in an animal model; (2) labor intensity and animal consumption are less, and the screening scale may be expanded; in some models only a small amount of tissue or organ (such as the isolated vascular ring model) is required for a complete screening. Multi-sample screening can be performed simultaneously, improving efficiency and decreasing costs; (3) the interference from other in vivo factors is reduced, allowing more precise evaluation.
Despite the advantages of screening using tissue/organ models, limitations exist, such as a small screening scale, low efficiency, limited pharmacological indices and difficulty of realizing high-throughput and high-content screening. The more recent application of tissue microarray technology 12,13 is improving screening efficiency and drug target identication at the tissue/organ level, with advantages of high throughput, low experimental error and abundant information capacity. Tissue microarray technology is also time-saving, and small sample volumes can be handled.
Cell model
The cell model is the most widely-used drug screening model, and not only more closely mimics the pathophysiological state of various diseases, but also provides useful information about the predictability of bioactive compounds in vivo, as well as on permeability and toxicity. It shows considerable advantage over whole-animal and tissue/organ models: (1) screening efficiency is greatly improved, due to the simple and fast operation of cell experiments, the short time period for cell growth, and the applicability of large-scale cultures; (2) factors interfering with efficacy are reduced and easier to control, making screening results more stable and reliable; (3) high throughput screening can be achieved as many compounds can be screened simultaneously. 14, 15 This makes it possible to nd drugs with excellent activity solely by expanding the screening objects and scope; (4) due to the low-consumption sample amounts used in a cell model, a small amount of isolated compound (fraction) can be used with multiple pathological models, improving the probability of discovering new drugs and lead compounds; (5) high content screening can be performed. Because the action of a drug on cells may be demonstrated in a variety of ways, its efficacy or toxicity is more thoroughly revealed with a cell model, by expanding the detection range and concurrently monitoring multiple pharmacological indices. 16, 17 Nevertheless, in vitro cell models cannot mimic the dynamic procedures of drugs in the human body, and do not exactly reect pharmacological behavior of drugs in vivo. The efficacy of some active compounds identied by cell models may be reduced or absent once in the circulation. Thus, cell model screening processes should simulate the body's internal environment as far as possible. Additionally, activity screening using cell models remains a process in which the effect of samples on cells is observed; this cannot reveal specic pathways and targets of drug action, and only shows comprehensive effects of the drug on cell growth processes.
Receptor/ion channel/enzyme model
With the development of enzymology and receptor theory, drug targets have been revealed and new drug targets discovered consecutively. So far, more than 600 types of drug target have been found. The use of receptors, ion channels or enzymes as targets to search for bioactive constituents is an important method in new drug discovery. 8, 18, 19 Within this process, the receptor, enzyme or channel is stimulated by the tested compound, and a variety of pharmacological indices are then detected and binding intensity between the compound and target is evaluated. This model has a number of characteristics: (1) the screening process is cut short, with high-detection sensitivity and potent specicity, enabling high-throughput and high content screenings; (2) screening occurs at the binding site, and not only is binding information between drug and target obtained, but the activity of the drug can be understood and functional screening performed; (3) some limitations of an animal model are overcome. For example, diseases can be screened for if an appropriate animal model is not available. Moreover, some drugs are metabolized in the animal gut or liver and may not arrive at their targets, diminishing the ability to assess their activity in a whole animal model.
Major TCM compounds are not highly bioactive; compounds do not bind tightly with targets in this model resulting in low screening efficiency. In addition, screening results do not completely reect multi-target and multi-pathway characteristics of effective TCM substances. Active compounds that bind with targets in this model may not provide the expected pharmacological effect aer entering the body and, therefore, may not be developed as a drug.
Biochromatography
A variety of bioactive materials (enzymes, carrier proteins and cell membranes) or biomimetic membrane materials (liposomes or articial cell membranes) are used in novel affinity chromatography method known as biochromatography, when a stationary phase is used. Because biological activity occurs with a stationary phase and various bioactive substances are specically bonded, biochromatography has been recently applied to the screening, separation, and preparation of active substances from mixtures. 20, 21 Biomacromolecules, cell membrane (or biomimetic membrane), living cells and plant cells (or cell walls) have been xed on a chromatographic carrier (e.g. silica and gel) to form different biochromatography stationary phases. Biochromatography may be subdivided into molecular biochromatography, cell membrane chromatography (or articial biomembrane chromatography), cell biochromatography, and botanical biochromatography, according to the chromatographic stationary phase used.
These methods have the characteristics of both chromatographic separation and biological activity, and separation and recognition of biological activity can be achieved simultaneously while screening for bioactive constituents. Therefore, active constituents not only bind and are selectively recognized during the stationary phase, but interference from inactive ingredients in a complex matrix such as that found in TCMs is directly eliminated, contributing to an efficient screening when used with TCMs. 20, 22 Two-dimensional "recognition-separation-identication" chromatographic systems have been developed by combining biochromatography with liquid chromatography/mass spectrometry (LC/MS) or gas chromatography/mass spectrometry (GC/MS), enabling highly efficient screening for bioactive constituents in complex TCM samples. [23] [24] [25] [26] [27] [28] [29] Biochromatography technology has been widely used for TCM research, but disadvantages remain: (1) the bioactivity of a stationary phase can only be preserved for a short time, which may lead to failure of commercialization of the chromatographic column; (2) the pressure and temperature requirements of columns, and the properties and ow rate of a mobile phase, are highly specic. A chromatographic environment with high pressure and anoxia is not amenable to the maintenance of bioactivity in a stationary phase in the analytical process; (3) the preparation procedure of a stationary phase is complicated. A stationary phase with bioactivity is easy to inactivate allosterically during preparation and use. Furthermore, stationary phases prepared in different laboratories and used in different environments produce different results, challenging the reproducibility and applicability of biochromatography; (4) the amount of active constituents specically retained by the stationary phase is usually small, making it difficult to obtain sufficient sample quantities for the identication of molecular structure or pharmacological verication trials. In summary, further improvements to the performance and dependability of biochromatography technology are required before widespread application of this technique to screening of TCMs.
3.4.1. Molecular biochromatography. Active biomacromolecules, such as enzymes, receptors, antibodies, transmission proteins, and DNA, immobilized on chromatographic carriers, usually serve as the stationary phase of molecular biochromatography. The different ingredients may interact within the stationary phase with different binding intensity when they are moved in the column with the mobile phase, which has different retention features on the column. The screening and separation of bioactive constituents in TCMs can be performed using this discrepancy of chromatographic retention, and binding variables (such as plasma-protein binding rate and ligand-receptor affinity) between active compound and target can also be determined. New active compounds and their targets can be identied, and their mechanism of action can be better understood. 20, 21, 30 This technology has been applied widely and Wang et al. 31 used a chromatographic column lled with stationary phase of silica-bonded human serum albumin to screen Angelica sinensis extract, conrming a nding of the two most effective compounds previously reported in the literature. Additionally, Wang et al. 26 used a stationary phase of silica-bonded human serum albumin with LC/MS to screen and analyze an extract of Longdan Xiegan decoction. They found hundreds of compounds interacting with human serum albumin, of which 19 were identied using LC/MS. Su et al. 32 applied a stationary phase of silica-bonded DNA to screen for TCM extracts. The chromatographic retention time of the screened compounds correlated well with their affinity for DNA, and multiple active compounds that could bind to DNA were identied from these complex TCM samples. Min et al. 33 coated acetylcholinesterase (AChE) on a capillary wall to prepare a bioactive stationary phase of capillary electrophoresis. The prepared phase was then used to screen for a variety of TCM extracts, including 30 extracts that interact with AChE, so this method may be used to screen for AChE inhibitors.
3.4.2. Cell membrane chromatography. Cell membrane chromatography (CMC) 22, 34, 35 is a bioaffinity chromatography technique that combines biological interactions with chromatographic separation. CMC uses a cell membrane stationary phase (CMSP), which is prepared by xing active cell membranes from tissue or cultured cells on the surface of a support such as silica. Cell membranes contain embedded receptors, ion channels, and enzymes, which participate in cell signaling for communication with surrounding cells and tissues, maintenance of cellular homeostasis, and cellular activity. With CMSP, chromatographic separation and the recognition of biological activity can be carried out simultaneously. Active constituents in TCMs are selectively retained by the chosen CMSP, which reduces interference from impurities. CMC offers a high level of performance, selectivity, specicity, and efficiency for analyzing and screening active compounds from TCMs. Therefore, it is particularly well suited to screening for bioactive compounds in TCMs and natural product libraries.
A variety of CMC models have been developed using cell membranes from different tissues (vascular smooth muscle, myocardium, and cerebral vessel) or cultured cell lines (red blood cells, macrophages, and cells with high expression of CD40, EGFR, and a1AAR). By combining online (or offline) with LC/MS or GC/MS, these CMC models have been widely applied to the screening of bioactive constituents from TCM extracts, and data show that CMC can be used to screen for active constituents of TCMs. 22, 34, 35 3.4.3. Articial biomembrane chromatography. Articial biomembrane chromatography 20,36 is affinity chromatography with an articial biomembrane stationary phase prepared by xing liposomes, egg lecithin, or soybean lecithin on a chromatographic carrier such as silica. This method can be applied to study the process of membrane permeation by a drug, using chromatographic principles. Because the articial biomembrane stationary phase simulates the lipid bilayer structure of cell membrane, it not only can be used to study how drugs permeate the membrane but can also be applied to predict the activity parameters of drugs and separate enzymes or proteins from mixtures. Moreover, certain ligands can be embedded in the articial biomembrane for specic chromatographic analysis. Zhang et al. 37 used a monolithic column lled with articial biomembrane stationary phase prepared with liposomes, to screen three TCM extracts (Glycyrrhizae Radix, Scutellariae baicalensis Radix and Sophorae Flos), which identied several active compounds that could penetrate the biomembrane. Wang et al. 27 developed a comprehensive twodimensional chromatographic system by combining a monolithic column lled with an articial biomembrane stationary phase of liposomes with LC/MS, to screen Schisandra chinensis extract; 14 active compounds were found to interact with the articial biomembrane stationary phase. Wang et al. 28 discovered and identied 10 active compounds (including 8 avonoids and 2 iridoid glycosides) from Longdan Xiegan decoction that could penetrate liposome biomembranes, using a comprehensive two-dimensional chromatographic system that combined a monolithic column of liposome biomembrane with LC/MS. These results suggest that articial biomembrane chromatography is applicable for screening active constituents in TCMs that can penetrate membranes.
3.4.4. Cell biochromatography.
With cell biochromatography, human or animal living cells are immobilized on a chromatographic carrier such as gel to fabricate a bioactive stationary phase, and the interaction between drugs and living cells is assayed with chromatographic principles and techniques. Zeng et al. 38 xed human red blood cells on a gel carrier to form a biochromatographic stationary phase, and used this stationary phase to distinguish 2 stereoisomers of glucose, exploiting the divisional ability of glucose transport protein (Glut 1) in the membrane of red blood cells in the stationary phase. Although activity can be recognized simultaneously with chromatographic separation, it has not yet been used to screen active constituents from TCM extracts.
3.4.5. Botanical biochromatography. With botanical biochromatography, plant cells or cell walls are immobilized on a chromatographic carrier such as gel to form a stationary phase. This phase is performed for the enrichment and purication of target compounds in mixtures. Ehwald et al. 39, 40 prepared a biological stationary phase using cell walls from a resuspended culture solution of Chenopodium album L., and applied the phase to separate biomacromolecules. At this time, this technique has not been applied to screen TCMs for active constituents.
Bio-extraction method
With bio-extraction, the analyzed sample is incubated with bioactive material (such as enzymes, receptors, carrier proteins, cell membranes, DNA, live cells, and liposomes), to bind active constituents with active material. The bound active constituents are then separated from complex matrices using specic separation techniques. As with biochromatography, bio-extraction can be used to identify biological activity and for chromatographic separation. The active constituents of complex samples such as TCMs can be recognized and separated, with direct elimination of interference from inactive ingredients.
Unlike biochromatography, the screening target for bioextraction does not require immobilization on a chromatography carrier, thus avoiding the complicated stationary phase preparation and packing process of a column, which is prone to maintaining the stereoisomers and biological activity of the screening target. Combined with online or offline LC/MS or GC/ MS, bio-extraction can be performed for the convenient iden-tication and analysis of active constituents in TCMs and has recently received widespread attention and application in TCM research. Several separation techniques may be used, including centrifugal sedimentation, dialysis, magnetic separation, hollow ber adsorption, and affinity ultraltration, with a suitable separation technique selected according to screening target and sample characteristics.
3.5.1. Centrifugal sedimentation. With centrifugal sedimentation, screening targets (such as cells or cell membranes) that bind with active constituents are precipitated by centrifugation, and then the supernatant containing inactive ingredients is directly removed. The bound active constituents are then dissociated by damaging the precipitated targets with organic solvent, and the damaged targets are precipitated by centrifugation. Remaining supernatant containing active constituents is then analyzed. Advantages of this technique include a concise operational process and low cost of analysis. However, some inactive ingredients are not easily removed by centrifugal sedimentation (inactive ingredients are easily precipitated with the sedimentation of screening targets). Furthermore, some bound active ingredients are easily dissociated and cannot be determined during the impurity washing process. Additionally, the method is unsuitable for screening for trace quantities of active compounds, and centrifugal sedimentation is limited to screening cell-and cell-membrane targets.
Li et al. 41 isolated 6 compounds from an extract of Danggui Buxue decoction that selectively combined with endothelial cells. Of these, Angelica sinensis Radix contributed 2, and Astragali Radix 4. Four of the 6 potentially bioactive compounds were elucidated using HPLC/MS and identied as ononoside, calycosin, 3-butylphthalide, and ligustilide. Fan et al. 42 found 8 compounds in a sample of Mailuoning injection that may bind with platelet membrane, using centrifugal sedimentation. Zhang et al. 43 found 14 active compounds from a glucose injection of zedoary turmeric oil that bound with living hepatocytes, using centrifugal sedimentation with GC/MS analysis. Of these, curzerene and b-elemene, which were of the highest content, were the main active ingredients. Zhang et al. 44 iden-tied 9, 7 and 13 active compounds that could bind with HL-7702, RAW 264.7 and Caco-2 cells, respectively, from an extract of Danggui Buxue decoction, using centrifugal sedimentation with LC/MS analysis. Using the same method, many active constituents binding different cells or cell membranes have been isolated from TCM extracts such as Scrophulariae Radix, Notoginseng Radix, Astragali Radix, Angelicae sinensis Radix, Zingiberis Rhizoma, Cordyceps, Artemisiae scopariae Herba, Epimedii Folium and Yu-ping-feng powder. 20 3.5.2. Dialysis. A semi-permeable membrane is employed in dialysis to detain suspended solids and solutes of high molecular weight, whereas liquid and low-molecular-weight solutes are allowed to freely permeate the membrane, depending on the nominal molecular weight cut-off of the membrane. Using dialysis technology, screening targets binding with active constituents are entrapped by the semi-permeable membrane, while inactive constituents not bound to targets will permeate, separating active and inactive constituents. Concentrations of active compounds change remarkably when comparing concentrations (or contents) of compounds in TCM extract that are directly dialyzed, and those incubated with screening target followed by dialysis. Lei et al. 45 found that several active constituents bound with MCF-7 and multidrug resistant MCF-7 cells from the cortex of Pseudolarix kaempferi (Lamb.) Gordon and the root of Stephania tetrandrae S. Moore, respectively, using microdialysis sampling combined with HPLC/MS. Qi et al. 46 detected 15 active compounds binding with liposome from Danggui Buxue decoction, using dialysis with HPLC analysis. Dong et al. 47 identied 8 active compounds binding with liposomes from the water extract of Salviae miltiorrhizae Radix, using dialysis with HPLC/MS analysis. This method can be combined online with HPLC (or LC/MS) to assay active substances, and concentration changes of active compounds can be monitored in real time. However, this technology is unavailable for sample enrichment, resulting in low sensitivity, so it is thus unsuitable for measuring trace samples.
3.5.3. Magnetic separation. With magnetic separation, active constituents are captured by magnetic beads covalently bonded with screening targets and separated from complex mixtures using a magnetic eld. The operational processes are as follows (Fig. 2): (1) the target protein is covalently coupled on magnetic beads to obtain "target protein-coupled magnetic beads" (TPCMB) through a condensation reaction between amino and carboxyl groups of the protein and the bead surface;
(2) the analytical sample is incubated with TPCMB in an Eppendorf tube to allow binding of active constituents to targets; (3) the TPCMB bound to active constituents accumulate on the tube wall by applying a magnetic eld to the outside of the tube; (4) supernatant containing inactive ingredients is removed, and active constituents coupled with TPCMB are dissociated with an organic solvent; (5) the TPCMB is discarded using the magnetic eld, and the supernatant containing the active constituents is analyzed.
A variety of TPCMBs for different target proteins have been fabricated to screen for active constituents in complex matrices such as TCMs, and several active compounds have been found. Target proteins used have included human serum albumin, [48] [49] [50] [51] bovine serum albumin, 52 hVDR protein, 53 anti-streptavidin, 54 protein tyrosine phosphatase 1B, 55 a-glucosidase, 55 maltase, 56 sucrase, 56 lipases, 56 estrogen receptor, 57 SIRT6 protein, 58 acetylcholinesterase, 59 heat shock protein, 60 and calmodulin. 61 Although these results suggest that screening active constituents from complex matrices of TCMs can be achieved using TPCMB with magnetic eld separation, the target protein may be denatured or its three-dimensional conguration may be changed when the target protein is coupled to magnetic beads. This results in mild binding with active compounds, or even unbinding. Additionally, coupling conditions should be optimized to maximally immobilize protein, which improves screening sensitivity.
3.5.4. Hollow ber adsorption. During hollow ber adsorption, screening targets are immobilized on the inner wall of a hollow ber via physical adsorption. The operational processes are as follows: (1) the hollow ber is immersed in the target solution, and the target directly adsorbed to the inner walls of the hollow bers; (2) the hollow bers adsorbed with targets are placed in the analytical sample solution to adsorb active molecules; (3) the ber is removed from the solution, and washed to remove small molecules that have non-specically adsorbed; (4) active substances are released from screening targets by denaturing with organic solvent, and then actives are assayed. Hollow ber adsorption has been used to screen living cell, cell membranes, organelles, and enzyme targets. Xue et al. 62 identied a diverse active compounds from extracts of Schisandrae chinensis Fructus, Cnidii Fructus and Psoraleae Fructus using hollow ber adsorbed with living cells. Liu et al. 63 isolated several active compounds from Coptidis Rhizoma using 3 types of hollow ber, respectively adsorbed with 3 different targets (MCF-7 cells, cell membranes and organelles). Yan et al. 64 found several anthraquinone compounds that could penetrate cells from extracts of Polygoni cuspidati Rhizoma, Cassiae obtusifoliae Semen and Polygoni multiori Radix. Tao et al. 65 Despite these successes, limitations persist. The target adsorbed on the inner wall of the hollow ber has a short survival time and only few targets are adsorbed, restricting the sensitivity of this method.
3.5.5. Affinity ultraltration. Affinity ultraltration employs affinity capture and ultraltration, enabling the enrichment and separation of low-molecular-weight solutes bound to biomacromolecules (such as enzymes, receptors, carrier proteins and DNA). Suspended solids and solutes of high molecular weight are retained by the semi-permeable ultraltration membrane depending on the nominal molecular weight cut-off of the membrane. 66 This is depicted in Fig. 3: 67-69 (1) the analyzed sample is incubated with the screening target which facilitates binding to target; (2) the inactive molecules non-specically absorbed by the target are washed with buffer and removed by ultraltration; (3) the target is deactivated using addition of organic solvent or pH alteration, which contributes to the dissociation of active molecules from the target. Active disassociated molecules are then separated from the target solution via ultraltration; (4) the ultraltrate containing active molecules is analyzed with HPLC, MS, or HPLC/MS. Compared with other active molecular screening methods such as biochromatography, magnetic separation, and hollow ber adsorption, affinity ultraltration has signicant advantages: 70 (1) it is not necessary to immobilize the screening targets on a chromatographic carrier. The target is directly incubated with the samples, which maintain their native conformation and avoid a reduction in activity, deactivation, or conformational change originating from the target immobilization; (2) pulse ultraltration can be conveniently coupled with online MS (or with a fraction trap, followed by online LC/MS), for online analysis of active constituents; (3) affinity ultraltration is convenient to operate, low-cost, and has a high hit ratio.
Many active molecules have been found in a variety of natural products and combinatorial libraries using affinity ultraltration combined with MS or LC/MS ( Table 1 ), suggesting that affinity ultraltration could be used for screening active constituents from products with complex matrices, such as TCMs.
Bioreactor
In a bioreactor, analytical samples are incubated with screening targets, and reaction substrates are added to initiate a biochemical reaction under enzymatic catalysis. The concentrations (or contents) of active compounds change during this process and reactions can be divided into pre-, in-and aercolumn according to the installation site of the bioreactor.
With a pre-column reaction, reacted samples are separated and measured with chromatography (or electrophoresis), which is convenient and sensitive. Mou et al. 103 cultured LoVo cells on a porous PHC scaffold to develop a three-dimensional cell bioreactor. Combined with HPLC/MS, this bioreactor was used to screen for active constituents in Polygonum cillinerve (Nakai) Ohwi extract, resulting in the identication of 2 active compounds (aristolochic acid A and aristolochic acid B).
With an in-column reaction, the screening targets (enzymes) are immobilized on a support and then packed in a column. Fig. 3 Analytical procedure for the identification of bioactive constituents from complex mixtures, using centrifugal ultrafiltration/liquid chromatography/mass spectrometry method. Samples are injected into the column and incubated with the enzymes and substrates. Aer the biochemical reaction, reactive samples are separated using electrophoresis (or chromatography). This method is highly stable and repeatable, with little enzyme consumption, but the immobilized enzymes may be denatured or inactivated. L-Glutamate dehydrogenases were immobilized on the surface of gold nanoparticles, and then packed into a capillary column to develop an online enzyme microreactor, by Zhao et al. 104 Using this microreactor, 3 TCM extracts that had inhibitory activity were identied from 25 extracts. Ji et al. 105 prepared a microreactor of adenosine deaminase and identied one inhibitory extract from 19 TCM extracts.
In an aer-column reaction, the analytical samples are separated by chromatography (electrophoresis), and separated fractions are reacted with screening targets (enzymes). Changes in sample components are then measured. Interference within the biochemical reaction from matrices and other components of complex samples is less with this method. However, online sample detection is difficult and special equipment and techniques are required. Li et al. 106 developed online microreactors for xanthine oxidase and ABTS radical cation (ABTSc + ) to screen for xanthine oxidase inhibitors and free radical scavengers, respectively, from Oroxyli Semen extract. Six free radical scavengers, a xanthine oxidase inhibitor and a compound with free radical scavenging and xanthine oxidase inhibiting activity were identied. Lin et al. 107 next prepared luminol and ferricyanide microreactors to screen Aurantii Fructus for antioxidants and found 25 active compounds.
Gene chip technology
Genes carry genetic information and drugs act through different targets, directly or indirectly affecting cellular gene expression. DNA microarray gene expression proling is the gene chip generally used for drug screening. 108 By comparing genetic expression of two samples before and aer drug administration, changes in expression may help to identify the target gene of the drug. Gene chips for drug screening is low with respect to labor intensity and animal consumption and can be carried out with small samples. Gene chip screening also has a short cycle, which decreases time and cost of drug screening, so it is popular for screening active constituents in TCMs. [109] [110] [111] [112] [113] Gene chip analysis can be improved by an increase in chip specicity, simplication of sample preparation and marking, improvements in signal detection sensitivity and stability, and additional cost reduction.
Molecularly imprinted polymers
Molecular imprinting is used to prepare polymers containing recognition sites of predetermined specicity. Molecularly imprinted polymers (MIPs) are complexed in a solution of template molecules with functional monomers by covalent or non-covalent bonds, followed by a polymerization reaction with an excess of cross-linkers. Removal of the templates leaves specic recognition sites that are complementary to the template in terms of its shape, size and functionality in the polymer network. 114 The perfect selectivity, high binding affinity and physical robustness of MIPs allow their application for nonbiological screening in lead compound discovery. Structures of affinitive compounds, which were trapped by MIPs from the mixture, were similar to the template and should have similar bioactivity according to structure-activity relationships. 115 Despite MIPs require $1 mmol of pure template molecule and have difficulty dealing with macromolecules such as proteins and polynucleotides, they have been used for screening analogues with similar bioactivity in the hope of nding new drug candidates from plant extracts or combinatorial chemistry libraries. Yang's group 115 prepared oseltamivir MIPs and identied an active component against inuenza virus (matrine) from chloroform extracts of a TCM formula of Yandureqing. Huang and colleagues 116 prepared propyl gallate MIPs and identied an antiplatelet active ingredient (protocatechuic acid) from Salviae miltiorrhizae Radix. Furthermore, (À)-ephedrine-, (E)-piceatannol-, setin-, harman-and RD3-4078-imprinted polymers were prepared for screening and separating active natural compounds from TCMs. 114 Steroid receptor, folate receptor and a2-adrenoreceptor mimics have been made by MIPs and used to screen bioactive compounds from synthetic libraries. 114 
Spectrum-effect relationship
Chemical constituents and pharmacological studies have been unable to clarify how TCM substances can treat particular diseases. Exploring the spectrum-effect relationship (SER) by combining chemical constituent studies with pharmacological studies may clarify overall therapeutic effects and the relationship between active constituents. SER is widely applied in research into the basis for substance effectiveness, compatibility, and the processing of TCMs 117,118 as follows: (1) ngerprinting of TCM samples from different environments, manufacturers or with different preparation methods is developed to prole chemical discrepancies across different samples; (2) difference in sample efficacy is evaluated by in vivo or in vitro experiments; (3) statistical analysis, such as principal components analysis, direct-vision comparison, and gray relational analysis, is performed to establish the SER, revealing the most effective TCM substances. Xu et al. 118 reviewed the current status of and future perspectives in SER for TCM research and various active constituents in single TCMs and TCM formulas have been identied. Thus, SER analysis may potentially determine the effective substances in complex mixtures and reect the internal quality of TCMs.
Although SER research has been used successfully, optimization is needed: (1) TCM ngerprinting may have poor stability and resolution; (2) modern pharmacological models that are currently established within western medicine theory may not adequately reect the clinical efficacy of TCMs; (3) important factors affecting the stability and reliability of SER research results are not investigated systematically; (4) uniform standards for quantitative indicators of efficacy are lacking; (5) the relationships between the active constituents in TCMs are not clear. In summary, the application of SERs in TCM research needs further exploration.
Conclusion
Identifying lead compounds from natural products plays a vital role in the search for successful drug candidates. Furthermore, clarifying the effective substance basis of TCMs is a prerequisite for recognizing TCM efficacy and ensuring TCM quality. However, the complex chemical composition and action mechanisms of TCMs mean that effective substance research is a slow process. Various methods and techniques have been applied to the exploration of the effective substances in commonly used TCMs that treat certain disorders, with valuable results. However, research methods continue to have limitations. New research ideas, and the further development of screening techniques to improve the efficiency and effectiveness of screening for the active constituents of TCMs, are required. This paper's documentation of the techniques currently used may assist readers with the rapid retrieval of useful information, and meaningfully promote the continued search for an effective substance basis to TCM, improving quality control and modernization.
